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PERFORMANCE OF A TURBOJET ENGINE IN COMBINATION WITH AN 
EXTERNAL- INTERNAL- COMPRESSION INLET TO MACH 2.88* 

By David N. Bowditch, Bernhard H. Anderson, and William K. Tabata 


SUMMARY 

A turbojet engine was operated in conjunction with an inlet having 
external and internal supersonic compression in the Lewis 10- by 10-foot 
wind tunnel at several Mach numbers from 2. 0 to 2. 88. The presence of 
the engine had no effect on the steady- state peak inlet performance. 

Even though distortions higher than 30 percent of the average total pres- 
sure were measured at the compressor face, no engine stall was encountered 
during steady-state operation, and there was no significant reduction in 
engine performance. However, when the shock regurgitation or unstart 
transient pressure drop was large enough, as it was at Mach 2.48 and 
above, the engine surged. During engine surge at Mach 2. 48, the static 
pressure near the engine face reached a value 17 percent higher than the 
free-stream total pressure. At Mach 2.68 and 2.88, however, maximum 
static pressures during surge were less than the peak pressure due to 
buzz. 


INTRODUCTION 

Turbojet investigations in connected-pipe facilities can simulate 
most steady-state conditions encountered in flight. However, transient 
conditions imposed on the engine by the inlet require wind-tunnel testing 
with an engine- inlet configuration. Similarly, inlet investigations 
with a choked plug can obtain the steady- state performance, but the 
transient conditions in the inlet are dependent on whether an engine or 
plug controls the flow. The steady-state and transient characteristics 
of a J34 engine in conjunction with a supersonic inlet were investigated 
at Mach numbers to 2.0 and are presented in references 1 to 7. Also, a 
nacelle from a current supersonic bomber was tested at Mach numbers of 
1.8 and 2.0, and the results are presented in references 8 to 11. How- 
ever, none of the inlets previously tested had appreciable internal con- 
traction, which is common in most high-performance inlets designed for 
Mach numbers of 2.5 and above. 
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To investigate the engine- inlet problems of shock regurgitation, 
control of compression surface and terminal shock, and inlet dynamics, 
the program reported herein was performed. A scaled-up version of the 
external- internal- contract ion inlet described in reference 12 was oper- 
ated in conjunction with a turbojet engine in the 10- by 10-foot super- 
sonic wind tunnel from Mach 2.0 to 2.88 at angles of attack to 5°. The 
present report describes the steady- state engine performance and the 
engine response to terminal- shock regurgitation. 

SYMBOLS 

M Mach number 

m air mass flow, slugs/sec 

W engine speed, rpm 

N* engine design speed, 7460 rpm 

P total pressure, lb/sq ft abs 

Pg average total pressure at engine inlet 

AP 2 maximum Pg minus minimum P 2 
p static pressure, lb/sq ft abs 
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transient static pressure at compressor exit 

transient static pressure at engine bypass 

transient static pressure just downstream of spike slot 

total temperature, °R 

engine air weight flow, lb/ sec 

engine fuel weight flow, lb/ sec 

angle of attack, deg 

local P(lb/sq. ft) divided by 2116 lb/ sq. ft 
local T(°R) divided by 518.6° R 

angle between spike axis and straight line joining spike tip 
and cowl lip, deg 



angle of inlet guide vanes and first seven state stators from 
full open position, deg 

Subscripts: 

0 free stream 

2 engine- inlet station 

3 turbine-exit station 


APPARATUS AND PROCEDURE 

Figure 1 shows the external- internal- compress ion inlet in the 10- 
by 10- foot tunnel. The supersonic portion of the inlet, which has a 
cowl- lip diameter of 42 inches, was a scaled-up version of the inlet 
reported in reference 12. Supersonic compression was obtained through 
an external oblique shock from the 20° half-angle spike, and from two 
internal oblique shocks generated by the cowl - each turning the flow 
about 12°. At the design Mach number, the internal shocks coalesced and 
-imp inged on the centerbody at the abruptly turned shoulder. About 2 
percent of the captured mass flow was removed through a flush- slot 
boundary- layer bleed system located immediately forward of the shoulder 
(fig. 2). Flush slots for boundary- layer control in the vicinity of the 
terminal shock bled an additional 6 percent of the mass flow at design 
conditions. The flow furnished by the inlet was matched to the engine 
requirements by varying the annular choked area between the outside of 
the bellmouth and the axially translating valve. 

The cold-pipe and engine configurations are shown in figure 3. The 
turbojet engine had a three-stage turbine and a seventeen- stage axial- 
flow compressor in which the inlet guide vanes and the stators of the 
first seven stages were variable and remotely controlled. The engine 
controls regulated engine fuel flow to control engine speed and posi- 
tioned the exhaust nozzle as a function of throttle position. Since 
the afterburner flameholder was not installed, the nozzle schedule was 
modified to compensate for the absence of losses. However, this did not 
completely correct for the variable flameholder losses; and, as a result, 
the en gin e performance deviated from the manuf acturers 1 specifications. 

The flow conditions into the engine were measured by two seven-tube 
rakes mounted at 135° and 328° clockwise from the top, looking at the 
engine face. These two engine rakes were duplicated, and four similar 
rakes were added at station 2 in the cold-pipe configuration. The com- 
pressor discharge pressure was measured by three rakes of five total 
tubes each and three wall statics. The exhaust-gas temperature and 
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pressure were measured at the turbine exit by two rakes, each containing 
seven total tubes and five thermocouples* Engine speed and fuel flow 
were measured by recording the output of a special engine tachometer and 
a turbine-type flowmeter* The fuel-meter and engine- tachometer signals 
were also recorded on an optical oscillograph. 

Figure 3 also shows the position where transient static pressures 
were measured by pressure transducers connected by tubing to static ori- 
fices. The estimated natural frequency (in cps) of the tubing and trans- 
ducer volume, when assumed to be an undamped second-order system, is: 
just downstream of spike slot (p ), 300; at engine bypass (p^), 120; and 
at compressor exit (p ce ), 80. In addition, transient measurements were 
made with one of the exhaust-gas thermocouples at station 3, whose time 
constant was 3 seconds. 

Inlet distortion and pressure recovery with the engine installed 
were calculated from the two rakes at the compressor face. Inlet capture 
mass flow was determined by integration of the conical flow from the 20° 
spike using the tables of reference 13. The engine mass flow was deter- 
mined by subtracting the bleed and bypass flows from the captured mass 
flow. The bleed and bypass flows were estimated from cold-pipe data. 

The engine performance was corrected by use of the recovery at station 2 
and the tunnel total temperature. 

The engine-inlet configuration was operated at several Mach numbers 
from 2.0 to 2.88 at angles of attack from 0° to 5°. The Reynolds numbers 
per foot varied from 2.3X10^ to 2.6X10^ during the investigation. Most 
steady- state data were taken with the engine operating at the maximum 
speed, which allowed a bypass airflow of about 5 percent of the capture 
mass flow at peak recovery. For the transient data presented, the inlet 
was always unstarted by closing the bypass. No changes were made in the 
engine control settings and spike or bypass positions for the recording 
of the transient data presented. 


RESULTS AND DISCUSSION 

Figures 4 and 5 present most of the engine- inlet conditions tested 
with the engine configuration. The data taken with the centerbody at 
the peak recovery or maximum spike-position angle 0^ are shown in fig- 
ure 4. Total- pressure recovery and compressor-face mass-flow ratio were 
reduced simultaneously at constant centerbody position and engine speed 
by increasing the bypass flow. The maximum total-pressure recovery with 
the engine configuration was within about one count of the best cold-pipe 
recovery at each Mach number, which shows that the engine does not cause 
any penalty in steady- state peak total- pressure recovery. At zero angle 
of attack and a Mach number of 2.88, the distortion increased gradually 
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from 0. 14 at 0. 845 recovery to 0. 21 at 0. 71 recovery. At angle of attack, 
however, the distortion was much higher and increased much faster as 
recovery was lowered. This is particularly obvious at 2.5° angle of 
attack at Mach 2. 88, where the distortion increased from 0. 24 to 0. 37 
while the recovery changed only three counts. The distortion at peak 
recovery and zero angle of attack remained about the same at all Mach 
numbers. The distortion at 5° angle of attack decreased with reduction 
in Mach number so that at Mach 2.0 it was comparable with the zero angle- 
of-attack value. 

Engine- inlet conditions over a range of centerbody positions are 
given in figure 5. At Mach 2.88, the inlet was intentionally set at 
lower than peak recovery when the spike was extended. However, recovery 
equal to the cold-pipe value was obtained at least once at each Mach 
number with the engine configuration, showing that steady- state engine 
operation causes no reduction in inlet performance. The engine mass- 
flow ratio is less than the cold-pipe value by the bypass mass-flow 
ratio. The low internal-contraction or low spike-position-angle (0-^) 
performance corresponds to conditions encountered during restarting an 
inlet at high Mach number. No problem was encountered in operating the 
engine while the inlet was unstarted, or operating subcritical, at Mach 
2. 88. Although the recovery was low, the distortion was less than with 
the inlet started. It was also observed at the time of the test that 
swallowing the shock during inlet starting did not affect engine perform- 
ance. Even though the distortion reached 0. 27 at spike-extended condi- 
tions at Mach 2.88, no engine stall was encountered throughout the steady- 
state investigation of the entire starting cycle at Mach 2.88. 

Some total- pres sure contours at the compressor face obtained from 
cold-pipe data are presented in figure 6. The major cause of distortion 
was the low-energy air near the hub, which caused a high radial distor- 
tion. This type of distortion is probably characteristic of this dif- 
fuser, since the centerbody circumference (proportional to local wetted 
area) at the compressor face is only 28 percent of the shoulder circum- 
ference. The maximum circumferential distortion was only about 0.06 at 
Mach 2.88 and zero angle of attack, and at 5° angle of attack a maximum 
circumferential distortion of only 0. 10, occurring near the cowl, was 
reached. 

Reference 10 states that the engine may have induced a swirl, 
causing separation at the hub. To investigate this effect, profiles 
from two sets of identical rakes in the cold-pipe and engine configura- 
tions are presented in figure 7. The profiles presented cover a large 
number of cases; and, while there are small differences, they are not 
consistent and the majority of the comparisons show almost identical 
results. Therefore, the engine induced no separation in this 
configuration. 
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A summary of the engine performance during the entire test is pre- 
sented in figures 8(a) to (d). As mentioned in APPARATUS AND PROCEDURE, 
the performance deviated from the manufacturer's specifications. How- 
ever, figure 8 indicates that the distortion was not very detrimental to 
engine performance, even though distortion was higher than 30 percent in 
some cases. Unpublished data from connected-pipe tests of this engine 
even show an increase in surge margin as pressure is reduced near the 
hub. This is not surprising, since the results of connected- pipe tests 
on other turbojet engines, references 14 and 15, show that distortion 
affects the engine component and overall performance very little at 
relatively high speed and that the main effect of distortion is in 
changing the rotating- stall and surge characteristics, as well as the 
temperature distribution at the turbine inlet. 


Inlet Unstarting 

An inlet with internal supersonic compression or contraction has 
the characteristic of almost instantaneously changing operating condi- 
tions from a high recovery condition with internal supersonic compression 
to operation at relatively low recovery with a normal shock in front of 
the cowl lip. Shock regurgitation can be caused by either forcing the 
terminal shock into the converging portion of the inlet where it is un- 
stable (by closing the bypass valve as was done for the data presented 
herein), or by over- contracting to a point where the inlet throat will 
not pass all the flow captured by the inlet (by retracting the spike too 
far). The amount of inlet contraction or internal supersonic compression 
determines the amplitude of the initial pressure drop at unstarting so 
that, at Mach 2.0, where the inlet of this report had very little con- 
traction, the unstart pressure drop was of small amplitude. At Mach 
2. 88, however, where the internal contraction was large, there was a 
large transient reduction in static pressure as the inlet unstarted. 

This large transient drop in inlet pressure caused engine surge, which 
was accompanied in all cases by inlet buzz as will be described more 
fully. 

Static-pressure variations at the rear spike flush slot, the engine 
bypass, and the compressor exit during two typical shock regurgitations 
are presented in figure 9. The pressure variations after an inlet un- 
start at Mach 2.48 are presented in figure 9(a). Pressure pulses from 
the engine and inlet buzz are both observable in the engine-bypass 
static-pressure trace and the spike static-pressure (p s /Pq) 

trace. The initial static-pressure pulse caused by the engine occurs at 
0. 05 second and reaches a peak near the engine of p^/Pq equal to 1. 17 
and just downstream of the spike slot of p s /Pq equal to 1.02. This 
and succeeding short pulses are believed to be caused by engine surge, 
since they immediately follow transient peaks in the static-pressure 
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ratios across the compressor, as will he shown. Also, it can he seen 
that the initial increase in the bypass static pressure near the engine 
occurs before the static pressure near the spike slot begins a steep 
rise. Two other pulses from the engine are evident at 0. 25 and 0. 37 
second just as the compressor-exit pressure begins to decrease, and 
again the rise in the bypass static occurs before the corresponding rise 
in the spike static. In these last two cases, the engine bypass static 
lead is extremely short. The inlet buzz starts with the pressure rise 
at 0. 11 second and has a period of 0. 18 second for the first cycle and 
about 0. 14 second for the second cycle. 

Figure 9(b) presents the same pressure variations after an inlet 
unstarting at optimum inlet contraction and Mach 2.88. As can be seen 
by the initial pressure drops in p^/Pq and P s /Pq 0*374 and 0.243, 
respectively, the amplitude of the pressure drop due to unstarting was 
much larger than at Mach 2.48. A combination of this increased pressure 
drop and the much shorter recovery portion of the buzz cycle between 0. 07 
and 0.125 second limited the maximum P C6 /Pq to only 3.42. The short 
engine- surge pulses coincide with the decrease in compressor-exit pres- 
sure, but in this case the maximum p^/Pq due to surge reaches a value 
of only 0. 530. In fact, the surge amplitude was mild enough in this case 
that the spike static-pressure trace shows very little response coinciding 
with the pressure increases due to surge at the engine bypass. 

Engine-bypass and compressor- exit static pressures and their ratio, 
along with the engine speed and exhaust-gas temperature, are presented 
for 1.5 seconds in figure 10(a) for the transient already described in 
figure 9(a). Because the engine-bypass static is not at the engine face, 
the compressor static-pressure ratio is not accurate; but it certainly 
indicates trends. By comparison of the time history of the engine-bypass 
static pressure and the compressor static-pressure ratio, it is evident 
that the peaks in compressor pressure ratio are always followed by the 
short pulses in the engine-bypass static pressure or the beginning of an 
inlet buzz cycle. Also, after the peak static pressure during a buzz 
cycle, the initial short pulse coincides with the start of the sharp 
decrease in compressor-exit static pressure, showing that these pulses 
are due to engine surge. From the compressor pressure ratio it can be 
seen that the engine surges two or more times during each buzz cycle; 
this causes the speed to decrease and the exhaust-gas temperature to 
steadily increase. The engine speed decrease reduces the engine airflow, 
forcing the inlet farther into the buzz region as indicated by the in- 
creasing buzz frequency with time. The irregularity in the peak compres- 
sor static-pressure ratio reached before surge indicates changes in the 
engine surge limit. These changes are probably due to changing engine 
conditions, inlet flow distortion, and variation in the rate of inlet 
pressure change, which was shown to affect the surge limits in refer- 
ence 16. 
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Figure 10(a) is for an engine-inlet guide-vane angle of 3.5° from 
full open. By closing the inlet guide vanes to 5. 1° from full open, thus 
increasing compressor stall margin, the shock loss transient presented 
in figure 10(b) was obtained. Even though the peak compressor static- 
pressure ratio was higher in this case, the engine did not stall, and 
the inlet was not forced into buzz after unstarting. Although not done 
in this report, the occurrence of surge could be predicted by an analysis 
similar to reference 16 if the characteristics of the engine components 
are known. 

During unstarting, the engine-bypass pressure decreases more quickly 
and reaches a lower value at Mach 2.88 than at Mach 2.48; this causes the 
compressor pressure ratio to increase in about 0.02 second to a maximum 
value of better than 14 (fig. 10(c)). The surge pulses that follow are 
mild and never reach values equal to the peak pressures during buzz. 

After unstarting, the exhaust-gas temperature increases and the speed 
continually decreases, forcing the inlet farther into the buzz region. 

A summary of pertinent nondimens ional engine-bypass static pressure 
(p e b/Po) f rom & 11 the usable transient data obtained during unstarting 

of the inlet is presented in table I. Each transient is designated by 
an arbitrary number in the first column for convenience. The next four 
columns contain the steady free- stream Mach number, engine corrected 
speed, inlet-guide-vane setting, and inlet spike position just prior to 
unstarting. The next two columns indicate whether the inlet buzzed or 
the engine surged after an unstart. The first and second columns under 
P eb' P 0 P resen l the nondimens ional pressure just before the unstarting 

transient, and the initial minimum p^/Pq reached before any surge 
pulse or buzz. Therefore, during transient 6, which is the same tran- 
sient presented in figures 9(a) and 10(a), the p^/Pq before unstart 

of 0.745 occurs before zero time in figure 10(a), and the initial mini- 
mum Peb/Po a fter unstart of 0. 515 occurs at 0. 03 second in figure 
10(a). During the first second after unstarting, the maximum buzz 
p /p of transient 6 can be seen in figure 10(a) where the upper buzz 

envelope crosses 0.840 at 1 second. The initial minimum and the maximum 
Peb/^0 reached during a short- duration, or surge, pulse correspond to 

the initial p ^/Pq of 0.515 and the maximum pressure of 1.17, which 
occur at 0.03 and 0.05 second, respectively. The initial surge P^/Pq 
and the initial minimum unstart p ^/Pq do n °t necessarily coincide as 
they do in this case. When there is no surge or huzz as in transient 
8, which is also presented in figure 10 (h), the P e p/Po steady non- 
dimensional pressure of 0.66 occurs after 0.08 second. 

Table I indicates that engine surge after an inlet unstart can he 
related to the corresponding pressure-drop amplitude. No surge or huzz 
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was encountered where the amplitude of the unstarting pressure drop was 
small as it was at Mach 2.28 and below, and at Mach 2.88 with the spike 
at low position angle. The unstarting pressure-drop amplitude at Mach 
2.48 must have been a borderline case, as it caused the engine to surge 
with the inlet guide vanes at 3. 3° from full open, but the same pressure 
transient did not cause surge if the inlet guide vanes were closed to 
5.1°. At a Mach number of 2.88 and a spike position of 29.90, where the 
pressure drop at unstarting is very large, the engine surged after inlet 
shock regurgitation even when the inlet vanes were closed to 10. 2° from 
full open. 

The pressures due to engine surge were measured to be 17 percent 
higher than free-stream total pressure at Mach 2.48 after an inlet un- 
start. However, this excess pressure was encountered only at the one 
condition; and at Mach numbers of 2.68 and 2.88 the maximum pressures 
due to surge were less than the maximum pressures during the buzz cycle. 
Since the engine and inlet conditions were very similar before unstarting 
at all three Mach numbers, the only obvious changes that might have 
caused the change in peak surge pressure are the increases in amplitude 
and steepness of the drop in inlet pressure at the higher Mach numbers. 

During a total engine running time of 30 hours, 26 minutes the 
engine- inlet configuration was unstarted into buzz and stall about 25 to 
30 times. During the buzz and stall the vibration meters on the engine 
indicated 8 to 15 mils, but whether this was engine or nacelle vibration 
is not known. Each time the buzz and stall was encountered, the engine 
was shut off. The engine operated perfectly at the end of the test, and 
a visual inspection of the engine without disassembly disclosed no damage 
in spite of operating in stall and buzz a total of about 3 to 4 minutes. 


SUMMARY OF RESULTS 

A turbojet engine was operated in conjunction with an external- 
internal- compress ion inlet at Mach numbers from 2.0 to 2.88 and angles 
of attack of 0°, 2. 5°, and 5° with the following results: 

1. Unstarting of the inlet when the engine and inlet were both 
operating near peak conditions at Mach numbers of 2.48 and above caused 
the engine to s large. 

2. Engine surge during unstarting caused transient duct static 
pres soar es as high as 117 percent of free-stream total pressure. 

3. Although radial distortions reached values higher than 30 per- 
cent of the average compressor-face total pressure with a circumferential 
component of 10 percent, no appreciable change in engine performance 

was observed. 
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4. Identical rakes in an engine-inlet configuration and a cold-pipe 
configuration showed that flow separation induced by the engine (as pre- 
viously reported) was not present in this configuration. 


Lewis Research Center 

Rational Aeronautics and Space Administration 
Cleveland, Ohio, February 24, 1960 
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TABLE I. - SUMMARY OF DATA FROM TRACES OF INLET UNSTARTING 
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Figure 2. - Cutaway of inlet. 
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(b) Cold-pipe configuration. 

Figure 3. - Cutaway of nacelle showing installation of J79 and cold pipe. 
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Figure 7. - Comparison of total-pressure profile from identical rakes in engine 
and cold-pipe configurations. 
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(b) Engine corrected fuel flow. 

Figure 8. - Continued. Effect of distortion 
on engine performance. 
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(c) Engine corrected weight flow. 

Figure 8. - Continued. Effect of distortion on 
engine performance. 





Engine corrected speed, 

(d) Engine total-pressure ratio. 

Figure 8. - Concluded. Effect of distortion on 
engine performance. 





Figure 9. - Trace of compressor-exit, engine -bypas s , and spike static pressures during inlet unstarting. 



Figure 9. - Concluded. Trace of compressor-exit, engine-bypass, and spike static pressures during inlet unstarti 












NOTES: (1) Reynolds number is based on the diameter 

of a circle with the same area as that 
of the capture area of the inlet. 



These strips are provided for the convenience of the reader and can be removed from this report to 
compile a bibliography of NASA inlet reports. Ibis page is being 
added only to inlet reports and is on a trial basis. 


































































